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Right Ventricle Vasculature in Human Pulmonary
Hypertension Assessed by Stereology

To the Editor:

There is growing interest in the potential vascular rarefaction of the
right ventricular (RV) microcirculation to explain RV failure due to
pulmonary hypertension (PH). Published data, reliant on measures
of stained capillary area in selected RV fields, indicated a potential

capillary drop, possibly of 50 or 60% versus control values, in
decompensated RVs in PH induced by SU5416-hypoxia and
monocrotaline (1, 2); supportive qualitative data were reported in
human RV by immunostaining (2). However, accurate assessment
of the vasculature in the normal and diseased RV requires an
unbiased approach, with tools including systematic uniform
random sampling and assessment of the pertinent reference
volume (i.e., RV tissue) (3). Using these approaches, the hypoxia
mouse and SU5416-hypoxia rat models of PH exhibited increased
absolute vascular length that parallels the increase in RV cell mass
(4, 5), leading to maintenance of the ratio between myocyte volume
and capillary length. In this pilot study, we report a systematic
unbiased analysis of human RV specimens using a rigorous
stereologic approach. Our data indicate that in advanced PH, there
was a significant increase of the RV vasculature, whereas the
average radius of RV myocyte served per vessel increased by
17% over control subjects.

Methods
All studies were approved by the Colorado Multiple Institutional
Review Board (Protocol #08-0462). Cardiac tissue was collected
at autopsy and processed by sectioning the heart in 1-cm-thick slices
(Figure 1A), starting at the apex, at a depth between 1 and 10 mm as
determined by computerized random number generator, and
continued every 1 cm to the atrioventricular junction. The slices were
laid down and imaged adjacent to a ruler. A plastic sheet with 5-mm
holes at 1-cm intervals was placed over the tissue. Eight uniformly
random locations were identified, with a random start for the first
location (determined by computerized random number generator)
and at regular intervals thereafter (6). Each location was marked with
ink, and a 5-mm core biopsy was performed at each site. Isotropic
orientation of the biopsies was performed with the Isector technique
(7), with each sample formalin-fixed and embedded in a paraffin ball,
which was rolled. In the final orientation, the ball was placed into a

1 cm Thickness Slices

FITC-Lectin Staining

A

B

Figure 1. Stereologic approach for analysis of right ventricle (RV) vasculature.
(A) The ventricles are sectioned at 1-cm thickness with a random start.
(B) Uniform, random, isotropically oriented sections are stained with fluorescein
isothiocyanate–lectin (FITC-Lectin) (scale bar: 100 mm). LV= left ventricle.
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slicer matrix (Zivic, Pittsburgh, PA) for cutting into 3-mm interval
slices. Slices with tissue were laid down, reembedded into a paraffin
block, and sectioned at 4 mm.

RV absolute volume was calculated using Cavalieri’s method on
the fresh tissue image (8). The outline of the RV tissue was drawn
(Photoshop; Adobe, San Jose, CA), and cross-sectional area
determined. The absolute volume was calculated as the sum of RV
cross-sectional areas multiplied by the slice thicknesses (1 cm).

Each section underwent antigen retrieval (Vector H3300; Vector
Laboratories, Burlingame, CA), Tris-buffered saline with Tween 20
rinse, staining overnight at 48C with fluorescein isothiocyanate–labeled
lectin from Griffonia simplicifolia (Sigma L9381; Sigma-Aldrich,
St. Louis, MO; 1:75 dilution in Tris-buffered saline), and coverslipping
(Vector H1400). Four images of each section were randomly acquired
using a microscope (Nikon, Tokyo, Japan) with a black-and-white
camera (Photometrics, Tucson, AZ) (Figure 1B). Two specimens had
poor lectin signal, and anti-CD31 immunostaining (ab28364; Abcam,
Cambridge, MA) was performed instead.

Vascular length (Lv) was determined using the equation Lv ¼
2Q=AP (9, 10), where Q is the sum of vessel profiles that intersect a
test plane, P is the sum of test points that intersect the tissue,
and A is the plane area divided by the number of test points. The
test plane we used had a sampling area of 0.550 mm2 and 1,426 test
points, for an A of 386 mm2.

Each image was digitally thresholded (Metamorph; Molecular
Devices, Sunnyvale, CA) on tissue autofluorescence to identify all
RV tissue and determine P. The image was then rethresholded on
the lectin signal, and the number of vessel profiles Q that intersected
the test plane (but not the exclusion boundary) was determined.
The sum of all Ps and all Qs for each specimen was used to
calculate Lv. Lv was corrected for tissue shrinkage by formalin fixation
(estimated at 20% for each dimension, although variability in this
factor may introduce bias [3]). Lv was multiplied by absolute volume
to determine absolute vascular length for each specimen.

We also calculated the average cross-sectional area of
cardiac tissue supplied by a single vessel, or volume of tissue

per vessel length (1/Lv), and then the effective radius of tissue
supplied by each vessel (r ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi

1=pLv
p

).

Results
Tissue was collected and analyzed from three control subjects and four
subjects with advanced PH. Absolute RV volume, absolute length of the
vasculature in the RV, and the average radius of RV tissue served per
vessel were determined (Figure 2). Total vascular length in the RV tissue
was highly correlated with absolute RV volume across all control and
PH specimens (P, 0.001). The average radius of tissue served per
vessel was 14.4 mm in control RVs and 16.9 mm in PH RVs (P, 0.05).

Discussion
We applied a stringent stereologic approach to analyze human RV
vasculature, in line with American Thoracic Society guidelines for
stereological assessment of lung structure (3). This approach is
similar to that previously reported in the hypoxic mouse and
SU5416-hypoxia rat models (4, 5).

In this pilot study, we observed a strong correlation between
total vascular length and myocyte volume, consistent with
significant compensatory angiogenesis in the PH RV. This likely
occurs in homeostatic adaptation to support RV contractile function
in the setting of increased afterload and muscle mass.

We observed a 2.5-mm increase in the radius of tissue supplied by
each vessel, consistent with vascular rarefaction in these terminal disease
samples. This increase is smaller than a predicted 9.3-mm increase in
radius if there was no vascular adaptation and RV volume increased
2.7-fold (the average we observed), or a predicted 6.0-mm increase in
radius if there was actually 50% dropout of vessels, as suggested by prior
planimetric analyses (1, 2). We suspect a 2.5-mm increase in radius is
unlikely to significantly limit O2 delivery but cannot exclude a
restriction of other metabolite transport to the cardiomyocytes.

The importance of these data requires confirmation with
a larger number of specimens and reinforces the need for
application of rigorous stereologic techniques for unbiased
tissue characteristic analysis. n
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Figure 2. Analysis of right ventricle (RV) vessels in three control and four pulmonary hypertension (PH) specimens. (A) Total RV volume, measured by
Cavalieri’s method, versus absolute length of vessels in the RV tissue, measured by stereology (n = 3–4/group; linear regression). (B) Average radius of RV
tissue served per vessel (n = 3–4/group; t test).
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10. Mühlfeld C. Quantitative morphology of the vascularisation of organs: a
stereological approach illustrated using the cardiac circulation. Ann
Anat 2014;196:12–19.

Copyright © 2017 by the American Thoracic Society

Increased CD13 Expression in Acute Myeloid
Leukemia–associated Early Acute Hypoxic
Respiratory Failure

To the Editor:

Acute myeloid leukemia (AML) is the most frequent acute leukemia
in adults, and acute hypoxemic respiratory failure is a major cause
of mortality during its early phase (1). Severe cases of leukemia-
specific acute hypoxic respiratory failure (LS-ARF) include

pulmonary leukostasis, lung leukemic infiltration, acute lysis
pneumopathy, and differentiation syndrome and present with severe
hypoxemia requiring mechanical ventilation and bilateral pulmonary
infiltrates on chest imaging mimicking acute respiratory distress
syndrome (ARDS). Although the expression of characteristic
immunophenotypic markers by leukemic cells, as measured by flow
cytometry, has been associated with decreased overall survival during
AML (2), no study has investigated the association between flow
cytometry markers and LS-ARF. Two observations suggest such
association: first, CD11b/CD18 is involved in the pathogenesis of
leukostasis (3), and second, certain AML subtypes (myelomonocytic
or monocytic) are more specifically associated with respiratory
complications (4) and have distinctive flow cytometry markers. We
hypothesized that leukemic cell flow cytometry markers are associated
with LS-ARF during the early phase of AML.

After institutional review board approval, we analyzed
flow cytometry and clinical data in patients with newly diagnosed AML
admitted between 2012 and 2015, according to the development of
LS-ARF within 15 days of diagnosis. To define LS-ARF, we included
patients diagnosed with pulmonary leukostasis, lung leukemic
infiltration, acute lysis pneumopathy, or differentiation syndrome on
the basis of previously published criteria (1, 5) who also fulfilled ARDS
criteria (6). Flow cytometry was performed on bone marrow using a
six-color BD FACSCanto I flow cytometer (BD Biosciences, San Jose,
CA). Data for selected antibodies (CD14, CD64, CD11c, CD13, and
anti–human leukocyte antigen DR, CD45) were analyzed using
FCSExpress Software v3 (De Novo Software, Thornhill, Ontario,
Canada). A gate of all CD451 events excluding lymphocytes and
debris was established for each patient, and cells in the gate were
determined to be positive or negative on the basis of quadrant gates set
using cells stained with CD45 only as negative control. This allowed us
to most closely reflect the entire neoplastic cell population and to
obtain the most consistently reproducible denominator for our
analysis. This population encompassed the traditional blast, maturing
granulocyte, and maturing monocyte gates by CD45 versus side
scatter, and excluded lymphocytes, nucleated erythroblasts, unlysed
anucleate erythrocytes, platelets, and cellular debris. These populations
were excluded, as they represent nonneoplastic cells and/or
confounding events. We collected the percentage of positive cells and
the mean fluorescent intensities for each antigenic marker. Results are
presented as median (range), and nonparametric statistical tests
(Fisher exact test, Mann-Whitney U test) were used to compare
patients’ characteristics according to the presence of LS-ARF.

Eight patients who developed LS-ARF within 15 days were
compared with 92 patients without LS-ARF. The presumed
etiologies and timing of LS-ARF were as follows: pulmonary
leukostasis (Day 1 for three patients), lung leukemic infiltration
(Day 3, Day 7, Day 10), acute lysis pneumopathy (Day 13 for the
only patient who received chemotherapy before LS-ARF) and
differentiation syndrome (Day 2). Two patients with leukostasis
also presented with laboratory tumor lysis syndrome on admission.
Six of the eight patients with LS-ARF had chest computed
tomography scans showing multifocal bilateral airspace opacities
(n = 5), diffuse bilateral ground-glass opacities (n = 3), and pleural
effusion (n = 4). Clinical and flow cytometry data are detailed in
Table 1. Patients with LS-ARF had higher white blood cells (WBC)
count on admission and a higher Day 28 mortality, but other
demographic and clinical characteristics, including FAB
(French-American-British classification) M4/5 subtypes,
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